ABSTRACT Motivation: Tandem peptide repeats play a key role in self-assembly and aggregation processes. A notable example is the occurrence of tandem peptide repeats in prionic proteins and their role in the aggregation process that leads to the formation of the prion. One of the structural characteristics that is evident from the comparison of mammalian and yeast prion proteins is the presence of aromatic residues in their tandem repeats. These residues are accompanied by glycine residues before and/or after the aromatic amino acid. Such aromatic-glycine conjugates are also present in the tandem repeats of the large family of the bacterial ice nucleation proteins. To study the significance of such aromatic-glycine occurrences, a global analysis of all the aromatic octapeptide repeats in the Swiss-Prot and TrEMBL databases was conducted. The search pattern was formulated to compare the number of conjugates of each of the 20 natural amino acids before or after the different aromatic residues.
INTRODUCTION
In recent years much attention has been focused on the process of protein aggregation and amyloid formation. This is due to the observation that many apparently unrelated diseases are characterized by the formation of large protein aggregates. A partial list includes Alzheimer's disease, prion diseases, and Type II diabetes (for review see Taubes, 1996; Harper and Lansbury, 1997; Sunde and Blake, 1998; Dobson, 1999; Gazit, 2002a) . A group of diseases of special interest are the prion diseases (Prusiner and DeArmond, 1995) , in part due to the recent outbreak of the bovine spongiform encephalopathy (BSE) epidemics in Europe. While the exact mechanism of aggregates formation related to BSE is not fully understood, it is evident that there is an important role for aromatic containing octapeptide repeats (see Figure 1 ) in this process. The significance of those octapeptide repeats in the mechanism of prion diseases is demonstrated by the observation that many of the genetic forms of prion disease (e.g. Gerstmann-Sträussler-Scheinker disease, Creutzfeldt-Jacob disease (CJD), and atypical dementia) result from the insertion of one to nine extra octapeptide repeats in addition to the five repeats present in the normal human prion protein (see review by Priola and Chesebro, 1998) . NMR spectroscopy (Donne et al., 1997; Zahn et al., 2000) and x-ray crystallography (Knaus et al., 2001) provide very important information about the three-dimensional structure of the core of prion proteins. However, the full structural features of the octapeptide repeats region could not be resolved (Donne et al., 1997) due to the highly flexible nature of the region (Donne et al., 1997; Zahn et al., 2000) .
Prion-like systems are found not only in mammals but also in yeast (Tuite, 2000) . In yeasts, as in mammal prions, the prionic form (Sup35p) of a normal cellular protein (Sup35) was shown to cause a change in the phenotype of a normal cell by converting the normal protein into aggregates (Patino et al., 1996) . As with the animal prion proteins tandem peptide repeats were also found in the Sup35 protein (Figure 1 ). The presence of repeats in both families of proteins is highly intriguing since the yeast and mammal prions are not evolutionary, but only functionally, related. Therefore, the repeats seem to be the common biochemical means to facilitate prion formation. The ability of the yeast repeats to take part in the prionic transformation was demonstrated by fusion of the repeats to an unrelated protein, a glucocorticoid receptor (Li and Lindquist, 2000) . The chimeraeric protein was shown to Yeast Prion Pro-Gln-Gly-Gly-Tyr-Gln-Gln-Tyr-Asn
Ice nucleation Ala-Gly-Tyr-Gly-Ser-Thr-Leu-Thr have the typical molecular properties of a prion protein (Li and Lindquist, 2000) . Therefore, the study provides further evidence for the key role of the tandem peptide repeats in the prionic process. Another system in which tandem peptide repeats appear to play a role in protein self-assembly and aggregation is the family of ice nucleation proteins (Schmid et al., 1997) . The ice nucleation proteins are a large family of proteins that facilitate the formation of ice nuclei. The selfassembly of these proteins is most likely to play a role in the mechanism that assists ice nucleation. In all of the various ice nucleation proteins, the presence of aromatic containing octapeptide repeats is observed. These peptide repeats were suggested to play a role in the aggregation properties of those proteins (Ala et al., 1993) .
A mutual property of all the tandem repeats from these three families of proteins is the occurrence of aromatic amino acids as well as glycines before and/or after the aromatic residues in the repeats. This is especially interesting since aromatic residues were found to be among the rarest amino acids when global analysis of proteins was conducted (Altschul, 1991) . Here we systematically analyzed all the aromatic octapeptide repeats present in the Swiss-Prot and TrEMBL databases. We specifically studied the occurrence of each of the 20 amino acids before or after an aromatic residue in such repeats. 
METHOD
The entire Swiss-Prot and TrEMBL databases (including weekly releases of SWISS-PROT) were scanned using the ScanProsite application (Bucher and Bairoch, 1994; Hofmann et al., 1999) . The databases were scanned for the occurrence of the following syntax:
1. Any-Ar-X(6)-Any-Ar -X(6)-Any-Ar -X(6)-Any-Ar -X(6)-Any-Ar -X(6)-Any-Ar 2. Ar-Any-X(6)-Ar-Any -X(6)-Ar-Any -X(6)-Ar-Any -X(6)-Ar-Any -X(6)-Ar-Any where Ar = W, Y, or F; Any = any one of the 20 natural amino acids in a one letter code (as was changed in each scan); and x(6) is the presence of any six amino acids.
RESULTS AND DISCUSSION
The significant occurrence of Aromatic-Glycine conjugates The results of the scans of the entire Swiss-Prot and TrEMBL databases are presented in Figure 2 . The occurrence of the various patterns is summarized for each of the 20 amino acids. The results are divided into the six possible combinations (each of 20 amino acids before or after each of the three aromatic amino acids, tryptophan, tyrosine, or phenylalanine). It is clearly evident from the results presented in Figure 2 that the number of occurrences of conjugations of aromatic residues to glycine is significantly higher than any of the other 19 amino acids. While there are total of 24 occurrences in which glycine-aromatic pairs in the context of octapeptide repeat were seen, the closest rate was observed with arginine and glutamine. For the later two amino acids only seven occurrences were found. It is not only that the number of occurrences of aromatic-glycine pairs is significantly higher, but also glycine was the only amino acid for which all the six possible combinations are present in the databases. Table 1 presents the repeats, other than the prion and the ice-nucleation ones (Figure 1a ), that were found in the scan described. As can be seen from the list of organisms, repeats were found in diverse species. It is reasonable to speculate that, as more sequences of complete genomes become available, significantly more aromatic-glycine conjugates will be found. Unfortunately, since many of the sequences that were found are part of the output of all genome sequence projects, the specific role of the proteins is not determined yet. We speculate that most of the proteins will be found to play a role in self-assembly and aggregation processes. We plan to study experimentally the aggregation properties of some of the proteins found to confirm our hypothesis.
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The physicochemical properties of aromatic interactions
Aromatic interactions play an important role in many areas of chemistry including biochemistry (Claessens and Stoddart, 1997; McGaughey et al., 1998; Gazit, 2002b) . Attractive non-bonded interactions between planar aromatic ring are referred to as π-π interactions or π -stacking. The steric constraints associated with the formation of those ordered stacking structures have a fundamental role in self-assembly processes that lead to the formation of supramolecular structures. Some of the biologically related examples of aromatic stacking are in packing of the hydrophobic cores of proteins, and in the stabilization of the double helical DNA structure by base stacking. In both cases, the geometrical constraints associated with the stacking interactions dictate specific macromolecular organization. We have recently demonstrated the key role of an aromatic residue in the case of amyloid formation by the islet amyloid polypeptide (IAPP) (Azriel and Gazit, 2001) . However, in the case of the IAPP no tandem repeats are present. In the context of amyloid formation, the presence of aromatic residues can provide two key features, energy and order. The specific orientation of thermodynamically favored aromatic interactions provides specificity and directionality as well as the energetic contribution needed for the amyloid formation process (Gazit, 2002b) .
The importance of glycine in aromatic-mediated aggregation Theoretical physical chemistry studies have shed much light on the organization of π -interacting systems. Most important data was obtained from the ab initio modeling using empirical force field studies. When such studies were conducted regarding the possible orientations of benzene rings (Sun and Bernstein, 1996) , the calculations clearly demonstrated that only four specific orientations Herringbone Parallel Staggered T-shaped Parallel Displaced Fig. 3 . Calculated π -π geometries. Schematic presentation of the four possible π-π geometries, as ab initio calculated using empirical force field studies (modified from Sun and Bernstein, 1996). are favored: parallel displaced, T-shaped, parallel staggered, and herringbone (Figure 3) . The relative energetic favorability of the different structures depends on the magnitude of the partial charges used in the electrostatic model (McGaughey et al., 1998) . At any rate, all the four geometries are possible potential minimum configurations in the Lennard-Jones-Coulomb empirical potential calculations. However, in the context of large proteins, conformational freedom of the aromatic moiety is needed to allow those molecular orientations. Due to its simple and non-chiral structure, glycine allows the highest degree of conformational freedom to the peptide chain. One of the marked features of aggregates formation is the transformation of the aggregated proteins from their normal folded structures into a β-sheet-rich conformation. Glycine is also a suitable candidate to achieve these properties, as it is known be the best helix breaker residue (Chou and Fasman, 1978) . This property of glycine is therefore an important factor in the facilitation of the transformation to a β-sheet structure that is associated with the aggregation process.
